ABSTRACT
Thermodynamic data on enzyme-catalyzed reactions play an essential role in the prediction of the extent of reaction and the position of equilibrium for any process in which these reactions occur. The importance of understanding the thermodynamics of these biochemical reactions was emphasized by Krebs and Kornberg 47 [Krebs and Kornberg (1957) ]. Their monograph contains a useful appendix on Gibbs free energy data of biological interest and some data on the thermodynamics of enzyme-catalyzed reactions. However, the amount of data available at that time was extremely limited. While several reviews on this subject have subsequently appeared, the absence of a comprehensive collection of this information led two of us (RNG and YBT) to begin the systematic collection of this data 15 years ago. Our evaluated data were published as a series of reviews in the Journal of Physical and Chemical Reference Data [Goldberg et al. (1993) ; ; ; Goldberg (1999) ]. Results from 1000 published papers containing data on 400 different enzyme-catalyzed reactions constitute the essential information in the database. The web-site database contains all of this information and is managed using Oracle. Having this information available in a true database form on the web serves to complement several existing and related bioinformatics sources on the web: UMBBD [Ellis et al. (2003) , http://umbbd.ahc.umn.edu/], ENZYME [Enzyme Nomenclature 1992, http://www.chem.qmw.ac.uk/iubmb/enzyme/], BRENDA [Schomburg et al.(2002) , http://www.brenda.uni-koeln.de/], KEGG [Kanehisa et al.(2002) The importance of this information lies in its applications both in biochemistry and in industrial enzymology. The data is also essential for metabolic control analysis (MCA) (see: http://bms-mudshark.brookes.ac.uk/) [Fell (1997) ], an important part of systems biology. Specifically, the full application of MCA requires both thermodynamic and kinetic data as well as a knowledge of metabolite concentrations. The result is a quantitative description of metabolic processes, a detailed understanding of which may yield an understanding of the differences between the normal and the diseased states of the living system as well as the ability to successfully engineer organisms to accomplish specific aims. This approach requires a very significant amount of data (and effort) and has thus far seen limited application. However, the application of the thermodynamic data to industrial processes involves straightforward calculations, which permit engineers to optimize product yields and to calculate the energy requirements of a reaction or process.
years ago in their monograph A Survey of the Energy Transformations in Living Matter
The TECRDB contains several pages of discussion of the essential background on the thermodynamics of enzyme-catalyzed reactions (see: Thermodynamic Background, the first item on the web-site's main page). This background material contains definitions of the thermodynamic quantities that are of interest in this area. In this regard, two of the most important quantities are the apparent equilibrium constant K' and the calorimetrically determined molar enthalpy of reaction r H(cal). The standard transformed molar Gibbs free energy change r G'° = -RTlog e K', where R is the gas constant and T is the thermodynamic temperature. Also discussed is the fundamental distinction [Alberty et al. (1994) ; Alberty (2003) ] between biochemical reactants and species. Specifically, biochemical reactions are written in terms of sums of species (e.g., , etc.), which are referred to as reactants (e.g., ATP). This important distinction has been maintained throughout the database. The background material also contains a bibliography of 37 references in which the reader can gain further information on this subject.
Fundamental to both thermodynamics and to bioinformatics is the precise definition and specification of physical quantities, consistency in usage, and standardization of names and symbols. In this regard, the TECRDB has adhered to IUPAC recommendations for biochemical thermodynamics [Alberty et al. (1994) ] and, for the most part, to the biochemical names recommended by the Nomenclature Committee of the IUBMB [Webb (1992) ]. Also, the ordering of the data in the TECRDB is done in accord with the Enzyme Commission number assigned to the enzyme used to catalyze the reaction studied. The database allows the user to perform searches based on the reactant(s), enzyme name and number, buffer, pH, cofactor(s), and method(s) used in the study.
The existing collection of thermodynamic data has seen use in the calculation of standard molar Gibbs free energies of formation for a substantial number of biochemical species [Alberty (2001) ]. The website (http://library.wolfram.com/infocenter/MathSource/797/) from which these property data are available also allows the user to download Mathematica programs that permit one to calculate values of apparent equilibrium constants K' of biochemical reactions as a function of pH and ionic strength. Computer codes [Akers and Goldberg (2001) ] that permit one to conveniently calculate values of apparent equilibrium constants K' from values of (standard) equilibrium constants K and to also perform the inverse calculation significantly enhance the usefulness of the information in the database.
The website is constructed using PERL and an ORACLE database. IUPAC recommendations for enzyme thermodynamic data are rich in the use of special characters (e.g., Greek letters), superscripts, and subscripts. The use of these special characters presents special difficulties for database software. For this reason, many databases {e.g., the Protein Data Bank (http://www.rcsb.org/pdb/) and the SwissProt Enzyme Nomenclature Database (http://us.expasy.org/enzyme/)} use a flat naming convention, which is devoid of Greek letters, superscripts and subscripts. We developed new techniques and tools for the implementation of IUPAC recommendations in a database environment. In our implementation, the data are expressed in four layers (see Table 1 ). Layer 1 has the data in the flat form and Layer 2 has the data in IUPAC form stored as HTML code. Layer 3 has the data in flat form together with synonyms (if any). Layer 4 has the data in IUPAC form. This form is generated from Layer 2 as text during the display of results. Each of these layers is generated for every data item (e.g., reaction, enzyme, etc.). Search option No. 1 (Predefined Values) provides drop-down lists (scroll bars) that give values for each of the data items such as reaction, enzyme, and EC number by using the components of data in Layer 1. The user can make a selection of multiple values using different data items. The user can control the sorting and display of data by the use of check boxes. Search option No. 2 (User Defined Values) allows the user to enter his own selection and is designed to support several constraints for different data items in a query. Search option No. 3 (Distinct Values) allows the user to view all the unique data values of a particular data item such as enzyme or reactant. Each of these search options allows the user to view the thermodynamic data (see Figure 1) found in the search. The user can also establish a direct link to the database by using one or more of the following key-words: Reactant, EC, Method, Enzyme, Buffer, pH, and Cofactor. For example, http://xpdb.nist.gov/enzyme_thermodynamics/enzyme_compose_query.pl?EC=1.1.1.47 displays the data for EC number 1.1.1.47. 5alpha-pregnane3beta,17alpha,21-triol-20-one(aq) + NAD(aq) = 5alpha-pregnane-17alpha,21-diol-3,20-dione(aq) + NADH(aq) Figure 1 
